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Abstract 



We explain for the first time thermopower data for p-type GaAs/AlGaAs 
tJ- ■ layers. The data span a temperature range 0.2 K<T<1.2 K. We calculate both 

■ the diffusion S'^ and the phonon-drag contributions to the thermopower. 

o ^ 

• We find that S is significant for temperatures up to ~ 0.3 K while at higher 

o ■ 

temperatures dominates. The calculated and measured agree very well 
S ' with no adjustable parameters. 

o 

O ■ I. INTRODUCTION 

> ' 

^ ! We investigate the thermopower S of two-dimensional hole gases (2DHGs) in p-type 

GaAs/AlGaAs. S is defined by the relation E = S'VT, where E is the electric field, VT is 
the temperature gradient and the current density J is zero. We examine the diffusion, S'^, 
and the phonon-drag, S^, contributions to S. S'^ is due to the hole diffusion along VT while 
is due to the momentum transfer from 3D acoustic phonons through the hole-phonon 
coupling. We examine two samples with hole densities P^: 0.93 lO^^m"^ and 1.25 lO^^m"^ 
and mobilities close to 30 m^/Vs. Hereafter we refer to the sample with the lower Pg as Sal 
and the one with the higher Ps as Sa2. The 2D hole layers are grown in the (311) direction. 
The complexity of the valence band in p-type GaAs/AlGaAs ||T]-§| makes the calculation 
of 5* a difficult task. However, because the 2DHGs have low Pg we can make the following 
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assumptions to simplify our analysis. We assume that only the top heavy hole subband 
is occupied, that it is isotropic and spin splitting is not important ||T]]. The value of the 
in-plane effective mass m* is 0.3 me which is in good agreement with the experiment [Q. 
The Fermi temperatures Tp for Sal and Sa2 are 8.6 K and 11.6 K, and consequently for 
0.2K<T< 1.2Kthe 2DHGs are degenerate. 



II. THEORY 



The diffusion contribution to the thermopower S for a degenerate 2DHG is given by 



where p = {dlnr / dlnE) Ep with r being the hole transport lifetime and E the hole energy 
(with Ep the Fermi energy). The value of p depends on the type of scattering. 

The phonon-drag contribution 5*^ is calculated by using a refined formula which is based 
on Cantrell and Butcher's paper and includes non-degeneracy effects and screening of 
the hole-phonon interaction [§,0: 

Oq-^ foo roc rOG 

S' = —Y. / dqdq^q'CiQ) + 7) [1 - / V + 7 + ^^q)], (2) 

where Tp is the hole transport lifetime at Ep, a is the hole conductivity, /° is the Fermi-Dirac 
distribution function, and uq is the frequency of phonons with wave vector Q = (q, q^) and 
mode m. Moreover: u'^ = E — j where the expression of 7 is given in reference 5. Finally, 
C(Q) is: 

rfn^ - \e\{2m*y%^\Q)N^{Q)Q\Zu{q.)\' 

WhkBT^pt\q) ' ^> 

where Ip is the phonon mean free path, is the Bose-Einstein distribution function, p is the 

density of the material, e(g) is the dielectric function given by Gold and Dolgopolov and 

|^ii(q'2)P accounts for the finite thickness of the 2DHG [Q. Finally, H(Q) is the 'effective' 

acoustic potential describing the hole-phonon coupling. In GaAs S^(Q) accounts for both 



deformation potential and piezoelectric coupling. For the longitudinal branch and for each 
of the transverse branches S^(Q) is 0: + [{ehuYAi/q^] and {ehi^)"^ At / , respectively. 
Here, is the deformation potential constant, /114 is the piezoelectric constant, and A/, At 
are the anisotropy factors given in reference 5. 



III. RESULTS AND DISCUSSION 

Figures 1(a) and 1(b) show the measured (circles) and the calculated (solid lines) values 
of S in Sal and Sa2, respectively. The straight lines correspond to 5''^ and the dashed lines 
to . We see that becomes dominant for T > 0.3 K. S"^ is fitted by the lines 40T fiV/K 
for Sal and 30T fiV/K for Sa2. Then from Eq. (1) we calculate p = 0.2 for both Sal and 
Sa2. The small value of p implies a weak energy dependence of r which is in good agreement 
with mobility data in 2DHGs similar to those we examine here 

is calculated by using Eq. (2). The phonon mean free paths Ip are determined from 



the measured thermal conductivity A (not shown here) by using the formula |Ty]: Ip = 
{\/T^)lbK^vl/2-K'^k%, where Vg ^ is the average inverse cube speed of sound for the three 
acoustic modes in GaAs. The data for A show a dependence and Ip is 1.6 mm for Sal and 
1.4 mm for Sa2. The values of the other material parameters used here are the standard ones 
for GaAs 0. The usual unknown in the calculations is S^. Here we use = 12.5 eV. 
However, we find that the piezoelectric contribution to is dominant over the deformation 
potential one at all the temperatures considered. The former is ~ 60% of the total at 
T = 1.2 K and increases to ~ 95% at T = 0.2 K. Consequently, the uncertainty in the value of 
does not effect our results and, practically speaking, the calculation of does not involve 
any adjustable parameters. The good agreement between the theoretical and experimental 
values of 5*^ gives us confidence in the validity of our theoretical considerations and suggests 
the extension of the experiments and the calculations of to higher temperatures where 
the deformation potential coupling becomes important and can be determined from the 
data. 
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Finally, Figures 2(a) and 2(b) depict the ratio 5'/A for Sal and Sa2, respectively. The 
circles are the experimental values and the crosses the theoretical predictions. At T < 0.3 K 
where S"^ dominates we expect S/ A to vary as which is observed in Figure 2. At higher 
T both experiment and theory show a maximum in S/ A. This is a Kohn resonance occurring 
when the dominant phonon wave vector q = ^ksT /hvg becomes equal to 2kp^ where kp 
is the Fermi wave number. The temperatures at which we expect the maximum are 0.8 K 
for Sal and 0.9 K for Sa2 which are in good agreement with the data. 

In conclusion, we have calculated S in two p-type GaAs/AlGaAs layers and found a 
good agreement with the experiment. 5*^ is dominant for T > 0.3 K. We suggest an exten- 
sion of the experiments to T > 1 K where comparison with the theory can determine the 
deformation potential constant S^. 
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FIGURES 




FIG. 1. Thermopower 5 as a function of T at: a) = 0.93 x lO^^m-^ and b) 
Ps = 1.25 X The circles are the experimental data, and the solid line is the theoret- 

ical prediction. 5"^ and are shown by the straight and dashed lines, respectively. 
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FIG. 2. The ratio of the thermopower S over the thermal conductivity A as a function of T at: 
a) Ps = 0.93 X lO^^m"^ and b) Ps = 1.25 x lO^^m"^. The circles are the experimental data and 
the crosses are the theoretical values. 
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